background: The Piwi subfamily of genes is involved in spermatogenesis for the maintenance and meiosis of germline stem cells. Mice bearing targeted mutations in Piwi genes (Miwi, Mili and Miwi2) are sterile with distinct defects in spermatogenesis. We hypothesized that Piwi gene polymorphisms could be a risk factor for spermatogenic failure.
Introduction
Male factor infertility accounts for 40 -50% of infertile problems, which affects one-sixth of couples worldwide (Hirsh, 2003; Brugh and Lipshultz, 2004) . A significant proportion of male infertility is accompanied by idiopathic azoospermia or oligozoospermia, which is generally assumed to be the result of genetic alterations (Cram et al., 2001; Huynh et al., 2002; Ferlin et al., 2007) . However, to date, only a few genetic defects have been found to be associated with abnormal spermatogenesis (Layman, 2002; Okada et al., 2008; Aston et al., 2010; O'Flynn et al., 2010) . Recently, with the introduction of gene-targeting techniques that disrupt specific genes in animal (EIF2C1/hAGO1, EIF2C2/hAGO2, EIF2C3/hAGO3 and EIF2C4/ hAGO4), while the remainders are the PIWI subfamily (PIWIL1/ HIWI, PIWIL2/HILI, PIWIL3/HIWI3 and PIWIL4/HIWI2) (Sasaki et al., 2003) . In general, Ago members are expressed ubiquitously and are associated with miRNAs and siRNAs (Carthew and Sontheimer, 2009 ). The Piwi proteins are predominantly present in the germline and associated with a novel class of small RNAs known as Piwi-interacting RNAs (piRNAs), and play an essential role in piRNA production (Aravin et al., 2006; Girard et al., 2006; Grivna et al., 2006; Kim, 2006) .
The human Piwi subfamily of Ago proteins is composed of HIWI, HIWI2, HIWI3 and HILI. In mouse, only MIWI, MIWI2 and MILI exist. Moreover, many of these proteins are germ cell specific, suggesting a phylogenetically conserved function in the germline. Interestingly, gene knockout studies have shown that lack of MIWI, MIWI2 or MILI causes meiotic arrest in spermatogenesis (KuramochiMiyagawa et al., 2001 (KuramochiMiyagawa et al., , 2004 Deng and Lin, 2002; Carmell et al., 2007) , suggesting their indispensability in the meiotic phase of male germ cell development. Although not much is known about the role of HIWI3 in spermatogenesis, it has also been suggested to play an important role in normal spermatogenesis as it has the same functional domains as other PIWI proteins possess (Sasaki et al., 2003) .
Considering the essential role of Piwi genes in spermatogenesis, we postulate that genetic variation in PIWI genes has the potential to affect normal spermatogenesis. To test this hypothesis, HIWI, HIWI2, HILI and HIWI3 polymorphisms were genotyped in a case-control study of male infertility with idiopathic azoospermia or oligozoospermia in a Han Chinese population. To the best of our knowledge, this is the first study to investigate the associations between Piwi gene polymorphsisms and susceptibility to spermatogenesis impairment.
Materials and Methods

Subjects and sample collection
The study was approved by the Ethics Review Board of the Nanjing Medical University. All the studies involving human subjects were done under full compliance with government policies and the Declaration of Helsinki. A total of 1289 infertile patients, diagnosed with unexplained male factor infertility, were drawn from the Center of Clinical Reproductive Medicine between April 2005 and March 2009 (NJMU Infertile Study) , and all were genetically unrelated ethnic Han Chinese from East China. All patients underwent at least two semen analyses, and those with a history of orchitis, obstruction of vas deferens, chromosomal abnormalities or microdeletions of azoospermia factor region on the Y chromosome were excluded (Wu et al., 2007; Lu et al., 2009) . In total, 252 infertility patients with idiopathic azoospermia (no sperm in the ejaculate even after centrifugation) and 238 infertility patients with idiopathic oligozoospermia (sperm counts ,20 × 10 6 /ml) were included.
A total of 468 healthy men aged 25 -40 years old, were sampled as the controls at the same hospitals where the patients were recruited. All these subjects had normal sperm concentration, motility and morphology, and had fathered one or more healthy children. The semen analysis for sperm concentration, motility and morphology was performed following the World Health Organization criteria (WHO, 1999) .
Single-nucleotide polymorphism selection and genotyping
Through an extensive mining of the databases of the International HapMap Project and single nucleotide polymorphisms (SNP) database, we identified nine potential functional polymorphisms in four Piwi genes (Table I ). All SNPs have a reported minor allele frequency of ≥0.05 in the general Han Chinese population.
Genomic DNA was isolated from leukocyte pellets of the venous blood by phenol -chloroform extraction with proteinase K digestion. Except for rs11020845, which was genotyped using the Taqman 7900HT Sequence Detection System, genotyping was performed on the GenomeLab SNPstream high-throughput 12-plex genotyping platform (Beckman Coulter, Fullerton, CA, USA). This platform uses a single-base pair extension reaction to incorporate two-colour fluorescence terminal nucleotides that are detected by a specialized imager (Denomme and Van Oene, 2005) . Sequences of forward, reverse and extension primers are listed in the Supplementary Table. For the quality control, the genotyping was done without the knowledge of case/control status of the subjects, and a random 5% of cases and controls were genotyped twice by different individuals; the reproducibility was 100%. To confirm the genotyping results, selected PCR-amplified DNA samples (n ¼ 2, respectively, for each genotype) were examined by DNA sequencing and the results were also consistent. 
Statistical analyses
The statistical analyses were performed with the Statistical Analysis System (version 9.1.3, SAS Institute, Cary, NC, USA). Differences in select demographic variables, smoking and alcohol status between the cases and the controls were evaluated by the x 2 test. Student's t-test was used to evaluate continuous variables, including age and pack-years of cigarette smoking. Hardy -Weinberg equilibrium was tested by a goodness-of-fit x 2 test. The risk of spermatogenic failure was estimated as odds ratios (OR) and 95% confidence intervals (95% CI) using unconditional multivariate logistic regression adjusted for age, smoking and alcohol status. Haplotypes were inferred using the PHASE software version 2.0 (Stephens et al., 2001) . In addition to the single SNP analysis and haplotype analysis, we also analysed the association between total number of unfavourable genotypes and spermatogenic failure risks. An unfavourable genotype was defined as an SNP showing at least a borderline statistical significance in the single SNP analysis. The unfavourable genotypes were collapsed together and categorized according to the tertiles (low, medium and high risk) of the number of unfavourable genotypes in controls. Using the low-risk group as a reference, we calculated the ORs and 95% CIs for the other subgroups using multivariate logistic regression adjusted for age, smoking and alcohol status. All P-values were two-sided, with P , 0.05 considered the threshold of significance.
Results
Characteristics of the study population
The final study population consisted of 958 Han Chinese, composed of 468 fertile controls, 252 infertility patients with non-obstructive azoospermia and 238 infertility patients with oligozoospermia (sperm counts ,20 × 10 6 /ml). The frequency distributions of selected characteristics of the case patients and control subjects are presented in Table II . No significant differences were observed between cases and controls with regard to the drinking status and age. As expected, there was a significantly higher percentage of smokers among cases than controls (P , 0.01). Among smokers, cases also reported greater cigarette consumption than controls, as assessed by the mean number of pack-years, but the difference was not statistically significant (P . 0.05).
Main effects on the risk of idiopathic azoospermia and oligozoospermia by individual polymorphisms
For all SNPs, the distribution of the genotypes in controls was in HardyWeinberg equilibrium (Table I ). The main effect models for PIWI genotypes are presented in Table III Haplotype analyses Table IV summarizes the relative risks associated with the common haplotypes of genes in this study. We found that common haplotypes of both HIWI and HIWI2 were associated with altered risks of spermatogenic failure. The H3 haplotype of HIWI (mm, m: variant allele, in the order of rs1106042, rs10773771) exhibited a borderline significant increased risk of azoospermia with an OR of 5.28 (95% CI, 1.00 -27.6; P ¼ 0.05). In addition, the H2 (wm, w: wild-type allele) haplotype of HIWI2, consisting of a SNP in the 3 ′ untranslated region (UTR) (rs508485) and a non-synonymous SNP (rs11020845), was associated with a significantly reduced risk of oligozoospermia, with an OR of 0.73 (95% CI, 0.56 -0.97; P ¼ 0.03).
Combined effects of the unfavourable genotypes
We further evaluated the combined effects of high-risk genotypes on spermatogenic failure risk by summing the unfavourable genotypes of three risk-conferring SNPs including HIWI (rs1106042), HIWI2 (rs508485) and HIWI3 (rs11703684). With the combination of GG, CC and CT/TT genotypes (for rs1106042, rs508485 and rs11703684, respectively) as the reference group, a progressively increased gene-dosage effect was observed when subjects were categorized on the basis of increasing numbers of unfavourable genotypes (Table V) . The groups with medium and high-risk genotypes exhibited significantly increased risks of oligozoospermia with ORs of 2.05 (95% CI, 1.10 -3.84; P ¼ 0.02) and 2.55 (95% CI, 1.41 -4.65; P , 0.01), respectively (P for trend , 0.001).
Discussion
Spermatogenesis is a complex process that requires highly regulated expressions of a series of genes. This process is controlled not only by the protein-coding segments of the genome but also by non-coding regions, including loci that produce small RNAs (Grivna et al., 2006; He et al., 2009; Thomson and Lin, 2009 ). Recent studies have revealed a new class of small RNAs in the mouse male germline termed piRNAs. Studies in flies, fish and mice have demonstrated that these piRNA are expressed in male germ cells and are required for germline development (Klattenhoff and Theurkauf, 2008) . Consistent with the function of piRNA in germline development and gametogenesis, the Piwi family protein which is involved in the biogenesis of piRNA has also been implicated in normal spermatogenesis (Kuramochi-Miyagawa et al., 2001 , 2004 Deng and Lin, 2002; Carmell et al., 2007) . Based on their important physiological functions, Piwi genes can be considered as good candidate genes for spermatogenic failure risk. To date, the association between genetic variations in the Piwi genes and risk of spermatogenic failure has not been reported. In this study, we used the candidate-pathway approach and selected nine potentially functional SNPs in four Piwi genes to investigate their association with risk of spermatogenic failure in a Chinese population. We found that the SNP rs11703684 in the coding region of HIWI3, which causes 471Val to 471IIe amino acid change, may contribute to the risk of spermatogenic failure in Chinese population. Functional analyses suggest that the Val471IIE variant is located in the PIWI domains (residues 416-865) that have been shown to contribute to 5 ′ -3 ′ exonulcease catalytic activity for the Ago family proteins in all types of small RNA pathways (siRNA, miRNA and piRNA) (Parker et al., 2004; Song et al., 2004) . Although the role of HIWI3 in normal spermatogenesis remains unclear, our findings indicate the possible involvement of the HIWI3 Val471IIE variant on spermatogenic failure risk.
In this study, we also found that an SNP in the 3 ′ UTR of HIWI2 was significantly associated with increased risk of oligozoospermia. Given the position of the 3 ′ UTR where rs508485 locates, it is biologically plausible that such a variation at this position may have an effect on mRNA stability and lead to altered binding activity to microRNAs, which might down-regulate gene expression by the mRNA cleavage or translational repression (Bartel, 2004) . For the essential role of Piwi proteins in the expression of piRNA, it might be interesting to look at the links between these genetic variants and the levels of global expression of mature piRNA in human testis tissues. Unfortunately, testis tissues were not available from these patients. Accumulating evidence has shown that a single polymorphism may only contribute a modest effect, and the combined variants of a gene may provide a more comprehensive evaluation. Thus, we sought to more powerfully elucidate the influence of these SNPs on spermatogenesis impairment by using a pathway-based polygenic approach, and identified a trend towards an increasing oligozoospermia risk with an increasing number of unfavourable genotypes that occurred in a dose-dependent manner. This finding reinforces the notion that spermatogenesis is a polygenic process and thus a combined analysis of multiple variants may have a greater ability to characterize high-risk populations.
Another finding of this study was that genetic variations in Piwi genes are more likely to be associated with oligozoospermia, but not azoospermia. Because the subject number in group '3' was sparse (one control, two azoospermic patients and four oligozoospermic patients), the subjects with greater than two unfavourable genotypes were combined as the high-risk group.
have a relatively modest effect on spermatogenesis, thus they cannot be enough to lead to complete azoospermia. However, the overall sample size of our study is modest and the number of cases in the subgroups was small. These limitations resulted in low power for testing some of the associations, which could result in both false-negative and-positive findings (Wacholder et al., 2004) . With the aim of maintaining good sample size for the oligozoospermia group, 'oligozoospermic' was defined as .0 but ,20 million/ml in our study, even though a sperm concentration of 15 million/ml is used as the 'normal' or 'reference' value in the forthcoming fifth edition of the WHO manuals for semen analysis (Cooper et al., 2010) . However, the high cut-off for oligozoospermia may not have greatly affected our results, as only 18 patients with a sperm concentration of 15-20 million/ml were included.
In summary, our work shows for the first time that genetic variants in piRNA pathway genes may contribute to the risk of spermatogenesis impairment. These findings may be helpful in increasing our understanding of the etiology of male infertility. Further studies in a second population, as well as with larger samples, and more functional analysis are needed to elucidate the biological mechanisms of these polymorphisms in the spermatogenesis impairment.
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